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Competency 1.3 Emergency management personnel shall demonstrate a working level
knowledge of health physics and radiation protection to oversee emergency
activities and provide guidance in mitigating emergencies.

1. Supporting Knowledge and/or Skills

a. Describe the different types of radiation.

b. Discuss the fundamentals of radiation protection as related to emergency response.

c. Describe the relationship between dose and radiological injury.

d. Discuss the following terms and concepts:  bioaccumulation, biological half-life, intake,
contamination, exposure, and criticality.

e. Describe the types, uses, and limitations of radiation detecting and monitoring equipment.

f. Discuss the emergency procedures associated with radiological releases into the environment,
including: notifications, protective equipment, decontamination, activities, and emergency
rescue and treatment.

g. Discuss the general safety precautions necessary for the handling, storage, and disposal of
radioactive material.

2. Summary

The fundamentals of radiation protection as related to emergency response is a characteristic
function of the radiation itself.

• The type (alpha, beta, gamma, x-ray, neutron)
• The activity in terms of exposure (mR/hr)
• The half-life
• The chemical form (solid, liquid, or gas)
• Can be fixed (non-transferable) or non-fixed (transferable)
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To prevent the inhalation or ingestion of radioactive material, the responder must be able to
immediately assess any given situation enabling that person to choose and wear the proper
protective clothing.  Additionally, choice of radiation measuring instruments must be addressed.

A variety of radiations are frequently encountered at DOE facilities.  These radiations can be
classified into two broad categories--ionizing and nonionizing.  Ionizing radiations are those
radiations that possess sufficient energy to eject electrons from neutral atoms.  They include alpha
particles, beta particles, gamma rays, x-rays, and neutrons.  Nonionizing radiations can excite
electrons to higher energy states, but do not possess sufficient energy to eject electrons from the
atom.  Examples of nonionizing radiations (or devices that produce nonionizing radiations)
include ultraviolet, visible, infrared, microwave and radio, power frequencies, radar, and lasers.

Both ionizing and nonionizing radiations pose potential health hazards in the workplace.
Radiological controls and practices should be tailored to the facility and the specific radiation
hazard(s).  The focus in this competency is to emphasize ionizing radiations.

Ionizing radiations can be generated via natural or man-made processes.  Natural sources of
radiation and radioactivity include cosmic radiations, cosmogenic radionuclides (those
radionuclides produced by comic ray bombardment with the upper atmosphere), terrestrial
radiations, radionuclides in the body, and radon.  Man-made sources include medical diagnosis
and therapy, consumer products, occupational activities, miscellaneous environmental activities
(for example, air emissions from DOE facilities), and exposures associated with nuclear power
generation.

The figures below depicts the most commonly encountered ionizing radiations.  Note that with the
exception of x-rays, each of the radiations is emitted from the nucleus of the atom.  X-rays are
produced by electronic transitions between shells that surround the nucleus.

Alpha Particles

• Positively charged helium nuclei.

• Particulate radiations with relatively high energies, but weak penetrating abilities.

• Unlike other ionizing radiations, do not constitute an external hazard.
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Beta Particles

• High-speed electrons formed by the conversion in the nucleus of a neutron into a proton or a
proton into a neutron.

• Can be either negatively charged (negatron) or positively charged (positron).

• Particulate radiations with a range in matter greater than an alpha particle.

Gamma Rays                                and                                           X-rays

• Electromagnetic radiations with no charge or mass.

• Distinction between gamma rays and x-rays based on origin and energy:  gamma rays
produced within the nucleus; x-rays outside the nucleus.  X-rays, in general, have lower
kinetic energies (lower EM frequencies) than gamma rays.

• Very penetrating forms of radiation that travel indefinite distances.

Neutrons

• Particulate radiations with no charge.

• Wide range of energies ranging from thermal (0.025 eV) to fast (several MeV).

• Very penetrating forms of radiation that travel indefinite distances.
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Several characteristics of these ionizing radiations are noted in the table below.

Characteristics of Ionizing Radiation

Type Symbol sition (amu) Charge Energies (Tissue) Hazard Examples
Compo- Mass Typical Range (Air) Range Primary 

Alpha 2p + 2n 4 +2 4 - 8 few 50 to 70 internal uranium, radon,
Particle MeV centimeters micrometers plutonium

α

Beta electron 0.00055 .018 - 3 up to a few few external and strontium-90,
Particle MeV meters millimeters internal carbon-14,

β +1

tritium

Gamma electro- 0 0 0.1 - 2 indefinite indefinite external and cobalt -60,
Ray magnetic MeV internal cesium-137

γ

ray

X-ray x electro- 0 0 .01 - 150 indefinite indefinite external and x-ray machines
magnetic keV internal
ray

Neutron n neutron 1 0 0.025 eV - indefinite indefinite external and reactors,
15 MeV internal neutron sources

Some general points can be made for each of the radiations noted in the table.

Ionizing radiations constitute both internal and external hazards.  For potential internal radiation
hazards, the primary objective is to avoid taking in any radioactive materials into the body.  This
can be realized to a large extent by utilizing containment and confinement techniques along
with cleanliness to minimize the risk of intake through inhalation, ingestion, injection, or open
wounds. Adequate protection against excessive exposures to external sources of radiation can be
provided by employing three major exposure-reducing principles: time, distance, and shielding.
The control of exposure time (time spent in a radiation field) is the first major health physics
principle available to an occupational worker to limit his/her exposure to an external radiation
source.  It is important to realize that the radiation dose received by the worker is directly
proportional to the time spent in a radiation field.  Therefore, to minimize the dose received, the
time spent in the radiation field must be accordingly reduced.  The control of exposure time is a
significant factor in the issuance of radiation work permits (RWPs) common at DOE facilities.
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A very common and extremely effective technique to reduce personnel exposure is to increase the
distance between the worker and the radiation source.  In many instances, this approach is more
important than controlling exposure time and can be easily demonstrated for "point" (small)
sources of radiation.  While the exposure-time relationship follows a direct dependence, i.e.,
reducing the time spent in a radiation field by one-half reduces the exposure to the worker by one-
half, distance dependence often follows the “inverse-square” (second power) law.  Thus, doubling
the distance from a point source reduces the exposure to the worker by a factor of four! It should
be noted that situations do exist where the inverse square law does not apply.  In these cases, the
relationship between the dose received and the distance from the source does not always follow a
simple rule.

A third factor for controlling external exposures entails the use of shielding.  Shielding the source
of radiation becomes important when minimizing time and maximizing distance are not sufficient
to reduce personnel exposures to acceptable levels.  Determining the required shielding is
influenced strongly by the type (alpha, beta, gamma, x-ray, neutron) and energy of the radiation.

Alpha particles have typical energies on the order of 4 to 8 MeV, but rapidly lose this energy
through the ionization process.  This results in a short range (penetration) in air and tissue and
minimal shielding requirements.  Beta particles do not ionize to the same degree as alpha
radiation.  Therefore, they have a greater range than alpha articles, but are still relatively easy to
shield.  Given the energy of an alpha or beta particle, the range in any medium can be calculated
and the appropriate amount of shielding determined.

Because they are uncharged, gamma, x-ray, and neutron radiations are more difficult to shield.
The basic approach to gamma and x-ray shielding is to determine what the exposure rate is, and
then, what it should preferably be after shielding.  Calculations of the estimated amount of
shielding of a particular material required to reduce the intensity of a beam of gamma or x-ray
radiation are then performed.  Neutron shielding is based on moderating (slowing down) and
thermalizing high energy neutrons, often followed by capture processes.  A wide range of
shielding materials are used for these purposes.  The following table identifies typical shielding
materials for ionizing radiations.

Radiation Type Shielding Materials

Alpha Air, paper, dead layer of human tissue

Beta Plastic, glass, aluminum

Gamma, x-ray Lead, tungsten, iron, depleted uranium
(in general, materials with high atomic numbers)

Neutron Paraffin, polyethylene, water, boron, cadmium
(in general, materials with low atomic numbers)



Paper    Aluminum       Lead

Alpha (α)(α)

Beta (β)β)

Gamma (γ)γ)
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The following graphic shows the relative penetrating abilities of alpha, beta, and gamma radiations

Each of the radiations described thus far has the potential to cause a number of biological effects.
These effects can be classified into stochastic and nonstochastic (deterministic) effects.

Stochastic effects

• Statistical in nature.

• Probability of the effect occurring within a population increases with dose.

• Generally assumed to have no threshold, implying that even low radiation doses cannot be
excluded.

• Include cancer induction and genetic mutations.

Nonstochastic (Deterministic) Effects

• Severity in an individual varies with the magnitude of the radiation dose.

• The greater the dose, the more severe the effect.

• Assumed to have a threshold radiation value below which the effect is not observed.

• Examples include acute radiation effects observed in individuals exposed to large amounts of
radiation, and opacity in the lens of the eye.
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The effects of radiation upon biological systems depend primarily upon the total radiation dose
and also upon the dose rate (how fast the dose is received).  Acute effects (early effects) refer to
biological effects that occur within one to two months following a radiation dose of
approximately 10 rad or more.  Inherent in the definition of an acute dose is that the dose was
received acutely or promptly (i.e., over a period of up to a few hours).  Chronic (delayed) effects,
as opposed to acute effects, typically occur more than two months, and up to several years, after
receiving much smaller doses accumulated steadily on a day-to-day, year-to-year basis.

Ionizing radiation is known to cause biological damage on the cellular level.  Radiation is believed
to interact primarily with the DNA molecule (deoxyribonucleic acid)--the carrier of genetic
information.  Radiation produces chemical changes that can eventually lead to cell death or other
harmful effects.  At low doses and low dose rates, biological repair mechanisms do exist to help
counter a radiation "insult;" however, changes occurring on the cellular level can still translate
into carcinogenesis (cancer induction), mutagenesis (genetic defects), and cell lethality.

Protecting occupational workers and the public from an elevated cancer risk is the main concern
of regulatory agencies.  Cancer induction is a stochastic effect that can be observed at low dose
rates and over extended periods of time following exposure.  Typical environmental levels are
well below the threshold values for nonstochastic effects.

Because cancer induction is a stochastic effect, it is assumed to follow a no-threshold relationship
with dose.  Scientifically, however, this is very difficult to prove and is often debated by health
effects experts.  Nonetheless, the DOE assumes for regulatory purposes that there is no threshold
for the onset of carcinogenesis.  

There are several commonly encountered radiation quantities and units used in the field of
radiation protection.  The following table serves as a selected summary.

Quantity Symbol Units Radiation Type Absorbing
Medium

Exposure X roentgen (R) gamma, x-rays air
coulomb/kilogram

(C/kg)

Absorbed D rad any ionizing any type
Dose gray (Gy) radiation

joules/kilogram (J/kg)
ergs/gram

Dose H rem any ionizing human tissue
Equivalent sievert(Sv) radiation (living)

joules/kilogram (J/kg)
ergs/gram
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Additional information regarding these quantities and units includes:

Exposure (X)

• Basic concept - Describes an x-ray or gamma ray radiation field.  It is a measure of the
amount of ionization produced in air by x-rays or gamma rays.

• The conventional unit is the roentgen (R).  In the international system (SI) of units, the
coulomb/kilogram (C/kg) is substituted for the roentgen.  One roentgen = 2.58 x 10  C/kg.-4

• The quantity exposure is only defined in air.  It would be incorrect to say, "my dose was one
roentgen" because the use of the roentgen indicates that reference is being made to the
quantity exposure - a quantity not defined for human tissue.

• This quantity is considered outmoded by the International Commission on Radiation Units and
Measurements (ICRU).

Absorbed Dose (D)

• Basic concept - Amount of energy absorbed per unit mass in the medium of interest.

• The conventional and SI units are the rad (no abbreviation) and the gray (Gy), respectively.

• Unit conversions: 1 Gy = 100 rad

1 Gy = 1 joule/kilogram (J/kg)

1 rad = 100 ergs/gram

• The quantity is not limited to photon radiations; it applies to all types of ionizing radiation.

• The quantity is not restricted to air, but is applicable to all types of material (air, water, human
tissue, etc.).

Dose Equivalent (H)

• Basic concept - Has no precise or exact meaning.  It is an administrative concept used for the
purposes of radiation protection and is subject to change.  It is only meant to apply at those
doses commonly encountered in the field of radiation protection (in other words, it does not
apply to large acute doses and accident situations).  It is related to the amount of biological
damage to a person from a given dose of radiation.

• The conventional unit is the rem (no abbreviation); the SI unit is the sievert (Sv).

• Unit conversions: 1 Sv = 100 rem

1 Sv = 1 J/kg

• The quantity applies to all types of ionizing radiation.

• The quantity only applies to living humans.

• The dose equivalent (H) is the product of the absorbed dose (D) and the quality factor (Q);
therefore, H = D x Q.
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Quality Factor (Q)

The quality factor (Q) relates the absorbed dose received by a worker to the dose equivalent.  It
only applies to chronic, low-level doses.  Consider two individuals who receive the same absorbed
dose (one worker from gamma rays, the other from neutrons).  The biological damage (or risk)
will be greater from the neutron dose.  Regulatory controls are put in place to limit the risk, and
some means must be used to take into account the different risks associated with different types of
radiation.  The quality factor  is used for this purpose. Each type of radiation is assigned a quality
factor based upon its potential to cause biological damage.  The absorbed dose can then be
multiplied by Q to calculate the dose equivalent.  Typical quality factors for various radiation
types are shown in the following table.

Radiation Type Quality Factor

Gamma 1

X-ray 1

Beta 1

Neutrons < 10 keV 3

Neutrons > 10 keV 10

Alpha 20

Bioaccumulation is the process by which radioactivity is cumulatively absorbed or taken up by a
target organ within the body, or even by the total body (depending upon the radionuclide
involved) and becomes resident.  This residency is determined by the biological half-life of the
material, that is, the time required for one-half of the radioactive material taken into the body
(intake), to be eliminated by any of the regular excretory processes and by the effective half-life of
the radionuclide (the number of atoms in a sample or the sample activity decreases exponentially
with time; therefore, effective half-life is the time that is required for half of the sample to decay.) 
Effective half-life can be shown equationally:

A = A e0

-8t

where:

A = current activity of the sample

A = original activity of the sample0

8 = decay constant (0.693/half-life [T ] of the radionuclide)1/2

t = the time elapsed between the original date of the sample and
the current date
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To respond to an emergency one must understand the various types of portable radiation survey
instrumentation, radiation detection devices, and monitoring systems.  The first category, portable
survey instrumentation, consists of four basic types: ionization chambers, Geiger-Mueller (G-M)
detectors, proportional counters, and scintillation detectors.  The first three types are generally
categorized as gas-filled detectors since they all employ a fill gas of some type for proper
operation.  The latter category utilizes a solid medium for the detection of ionizing radiation. 
Examples of each of these types will be described along with some of their uses and
characteristics.

Survey instruments are used for a variety of purposes.  Among these are:

• Monitoring contamination levels on equipment and personnel

• Locating lost or hidden sources

• Surveying installations for radiation hazards

• Evaluating the need for posting radiation warning signs

• Predicting the possible exposure in an area and determining the necessity of wearing personnel
monitoring devices

• Performing leak tests on radioactive sources

Gas-filled Detectors

Gas-filled detectors can be designed to detect any of the commonly encountered types of ionizing
radiation (alpha, beta, gamma, x-ray, or neutron).  In general, these detectors contain a variety of
different gases which are either sealed inside a metallic chamber (typically a cylinder) or open to
the atmosphere.  A wire occupies the center of the chamber.  High voltage is supplied to the
detector resulting in the production of an electric field.  Radiation interacting within the sensitive
volume of the detector is of sufficient energy to "strip" or eject one or more electrons from
neutral gas molecules, a process known as gas ionization. The ionization process results in the
formation of ion pairs: negatively charged electrons and positively charged gas molecules.  The
electrons are collected at the central wire either as an electrical pulse (pulse mode) or a current
(current mode).



General Gas Curve

Relation of pulse size to potential gradient in an ionization chamber
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The general gas curve (also referred to as the six region curve) is a theoretical curve that indicates
the general region of operation for gas-filled detectors.  The curve appears below.

In a gas-filled detector, the number of ion pairs measured by the detector per ionizing radiation
event is dependent upon the voltage applied to the detector.  At low voltages, an ionizing
radiation event may not be detected because the ions recombine before reaching the collecting
electrode.  This area of the general gas curve is referred to as the recombination region.

As the applied voltage increases, ion pairs attain greater kinetic energies and recombination does
not occur.  This is known as the ionization chamber region.  When the voltage is increased above
the ionization chamber region, the ions have enough kinetic energy to create new ion pairs after
collisions with gas molecules.  These new ions are referred to as secondary ions; the number of
secondary ions increases proportionally with voltage and with the initial (primary) ions created by
the radiation event.  This is known as the proportional region. The ratio of the number of
secondary ions to primary ions is referred to as the gas amplification factor. As the voltage is
further increased, the detector operates in the limited proportional region, a region that is not
utilized for radiation detection purposes.  Region 5 of the general gas curve is known as the G-M
region:  any initial ionization event in the detector results in a geiger discharge where the central
wire becomes completely saturated with electrons.  Region 6 is known as continuous discharge--
a region in which certain geiger detectors can render the detector inoperative within a short
period of time.
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From a practical perspective, gas-filled detectors operate in one of three regions:  ionization
chamber, proportional, or G-M.  Each instrument type is designed to operate in one of these
regions through the proper choice of construction materials, anode diameters, fill gas, gas-filling
pressures, high voltage, etc.

Ionization Chambers

Ionization chambers operate in the ionization chamber region (region 2) of the general gas curve.
Characteristics associated with these detectors include:

• Operate in current mode
• Air is typically used as fill gas
• Gas amplification (multiplication) not required for operation
• Fairly rugged devices
• Short warm-up times (<1 minute)
• Primarily designed to measure x-ray and gamma ray radiations
• Typical readout in units of milliroentgen per hour (mR/hr) or roentgens per hour (R/hr)
• Slow response (relatively insensitive devices)
• Ideal for exposure rate measurements; can measure very high radiation levels with virtually no

dead time
• Flat energy response above 100 kiloelectron volts (keV)
• Sensitive to temperature, pressure, and humidity conditions
• Detector can "leak" current; most designs require a "zero" strip adjustment
• Can detect/measure alpha and beta radiations with appropriate calibration factors and/or

instrument design

Geiger-Mueller Detectors

G-M detectors are widely used instruments for the detection of ionizing radiation.  These
detectors, often referred to as Geiger or G-M counters, are one of the oldest radiation detection
devices in existence.  A G-M detector, as previously noted, is a gas-filled detector operated in the
G-M region (region 5) of the general gas curve.



a.

b.

Thin end-
window

c. d.

e.
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All Geiger detectors share certain design features.  The diagram below depicts an "end-window"
G-M tube with key components labeled.  A brief description of each follows.

a. Anode - A positively charged central wire, typically composed of tungsten, with a
diameter on the order of 0.003 to 0.004 inches.  Tungsten is favored for its
strength and uniformity  The anode is typically a straight wire, but wire loop
anodes are found in other designs (e.g., "pancake" detectors).

b. Cathode - The outer envelope and conducting surface, negatively charged with respect to
the anode.  It is usually composed of metal (steel or nickel) and, on occasion,
glass that requires an inner conductive coating.

c. Fill Gas - A noble gas that occupies 90-95% of the active volume of the detector.  The
noble gas is typically helium, neon, or argon.

d. Quench Gas - A gas occupying 5-10% of the detector volume.  The quench gas functions to
prevent the formation of spurious pulses.

e. Insulator - Prevents arcing inside the detector.

High voltage applied to the detector allows the collection of ion pairs--electrons are collected at
the anode while positively charged gas molecules migrate to the cathode.  The detector usually
operates below atmospheric pressure.

To understand the operation of a Geiger counter, it might be useful to consider the steps involved
in the production of the Geiger discharge which creates pulses of uniform size.

Step 1: Ionizing radiation enters the detector and strips an electron from a neutral fill gas
molecule, creating an ion pair.
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Step 2: Due to the high electric field (high voltage), the "free" electron accelerates toward the
anode.  As it does so, it acquires sufficient energy to create secondary ionizations. 
These secondary ionizations serve to dramatically amplify the number of electrons
arriving at the anode.  This initial amplification is called the Townsend avalanche (the
avalanche created by a single original electron).

Step 3: A series of avalanches follows in rapid succession, propagated by photon emission
created by the excitation and subsequent de-excitation of electrons that were not
ionized.  The wavelength of these photons is in the visible or ultraviolet region.

Step 4: The anode becomes completely enveloped with electrons indicating a Geiger discharge
has occurred.

The Geiger discharge is formed in approximately one microsecond (Fsec) following the initial
ionization in the detector.  Because the same number of avalanches (statistically speaking) are
created each time during this process, the output pulse represents the same amount of collected
charge. Therefore, the pulse's height or amplitude remains constant and no energy discrimination
is possible.

One of the most significant disadvantages associated with G-M counters is their so-called "dead"
time, a period in which the tube does not respond to radiation.  It is caused by the slow movement
of the positive ions away from the anode; the electric field intensity is too low to produce a
Geiger discharge.

There are three principal types of G-M counters that are routinely used in health physics:

• End Window
• Side Wall
• Pancake
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G-M Counters

Principal Type Description

End Window The radiation enters the sensitive volume of the detector by passing through a very thin
mica window (thinner than a piece of paper) attached to the end of the detector.  The
window may be protected by a mesh screen.  Thin end windows are capable of detecting
alpha, beta, and gamma radiations under the appropriate conditions and with proper
survey techniques.

Side Wall This detector has a sliding sleeve that opens and closes from the side.  Higher energy beta
particles (- 300 keV and above) and gamma rays can be detected with the window open;
closing the window eliminates the beta contribution and that of lower energy photons.

Pancake A pancake G-M is similar to the end window in that a very thin mica covering is used.  
Its design offers a greater detection area than the end window probe in addition to having
the same capability of detecting a variety of commonly encountered radiations.

G-M detectors have a wide variety of uses.  As a general comment, however, it must be mentioned that
because all pulses from a G-M counter are of the same amplitude, no energy discrimination is possible (no
spectroscopy).  G-M counters do not respond with equal count rates to equal exposures rates from
photons of differing energies.  Therefore, they are best suited to count rate determinations rather than
measurements of exposure, exposure rate, activity, etc. G-M counters are detection instruments first and
foremost.  That having been said, some specific applications now follow.

• Contamination Surveys - Fairly rapid monitoring of personnel (hands, clothing, etc.),
equipment (tools, etc.), and laboratory surfaces (benches, tabletops, hoods, etc.) can be
accomplished using a variety of G-M detectors.  When surveying for soft beta emitters, such
as, carbon-14 (C-14), sulfur-35 (S-35), calcium-45 (Ca-45), and phosphorus-32 (P-32), a thin
end window or pancake detector would be required.  Higher energy beta and gamma emitters
could be detected with end window, pancake, and side wall G-M detectors.  These surveys
and the detectors involved can be utilized in both laboratory and field applications.

• Leak Testing - Leak testing is a procedure designed to determine whether any removable
activity above a specified value is present on the outer surfaces of a sealed source.  A smear is
taken on the outer surface and counted in a G-M detector.  The resulting count rate, with
background subtracted, is a measure of the removable activity.  If the efficiency of the
detector is known, count rates can be converted into disintegration rates for comparison with
the guideline value.  This procedure is often followed for industrial radiography sources where
the opening (port) that the source passes through is smeared with a Q-tip and counted as
described above.
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• Accident Dosimetry - Geiger counters can be used for estimating the neutron dose from the
activation of sodium-23 (Na-23) to Na-24 in the blood.  A pancake probe, for example, is
placed either against the abdomen of the individual as he/she bends over or under the armpit. 
Any measurable increase in the count rate (over background) can be an indication of a
significant neutron dose.  This procedure is referred to as the quick sort method because it can
rapidly screen individuals following an accident.  The procedure is based on detecting gamma
rays emitted from the decay of Na-24.

• Exposure Rate Measurements - In general, measurements of exposure rates can cautiously be
performed under two circumstances: when (1) the accuracy of the results is not a crucial
concern and (2) the instrument is calibrated for the same energy that will be encountered in
the field or laboratory.

A variety of G-M counters can be used for exposure rate measurements (keeping in mind the
caveats noted above).  These include the typically encountered end window, side wall, and
pancake designs.  In addition, modified detectors are also available.  For example, an energy-
compensated side wall G-M tube consists of a rubber sleeve that slides over the tube to flatten
the photoelectric response of the detector.  Depending on the probe design, exposure rates of
up to several R/hr can be measured.  A telescoping detector is also available; in this design, a
probe containing two halogen-quenched geiger tubes can be extended up to approximately 14
feet from the user and the readout device.  Exposure rates of up to 1,000 R/hr can be
recorded while the surveyor's dose is dramatically reduced by utilizing distance.  This
particular G-M detector has practical applications in several areas: radioactive waste surveys,
monitoring irradiated fuel storage and transport, monitoring the removal of irradiated samples
from reactors, reducing exposure to personnel when locating and evaluating radioactive
sources of unknown strength, and emergency radiation accidents.

Typical  advantages and disadvantages of GM detectors follow.

Advantages:

• Fairly reliable
• Ease of operation
• Wide variety of shapes and sizes
• Relatively inexpensive
• Highly sensitive (one ion pair can produce a discharge)
• Large output pulses (>1/4 volt to several volts)
• No external amplification normally required due to large amplification factors inherent in the

operation of the detector (minimal electronics)
• Used in field and laboratory settings
• Detect a wide variety of radiations including alpha, beta (soft and hard), x-ray, gamma, and

cosmic (high energy gammas)
• Choice of proper operating voltage allows for reproducible results even if the voltage varies
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• Excellent for low-level counting rate surveys including personnel and equipment monitoring,
leak tests, and as a quick screening method in accident situations

• Halogen tubes have technically infinite lifetimes
• Exposure rate measurements possible under proper conditions

Disadvantages:

• No energy discrimination (spectroscopy is not possible)
• Principally detection, not measurement devices
• Quenching required to eliminate multiple pulsing
• Worst resolving times of any gas-filled detector 
• Slope of the plateau must be kept reasonably flat for reproducible results
• Organic tubes have limited lifetimes
• Self-absorption in the counter wall and window is possible for alpha and beta radiations
• Efficiency is quite poor for gamma rays (approximately 1%)
• Without antisaturation circuits, detector can saturate in high radiation fields and read lower

than the true value or even "zero"

Proportional Counters

Proportional counters are extremely versatile instruments used for the detection of ionizing
radiation.  They share certain design features.  Various key components are described below.

Anode - Typically composed of tungsten, with a diameter of approximately 0.001 inches.  The
anode either takes the form of a loop or straight wire.  The nature of gas amplification
in a proportional counter requires an extremely uniform central wire.

Cathode - The outer envelope and conducting surface, negatively charged with respect to the
anode, and usually composed of steel.

Fill Gas - The gas that occupies the sensitive volume of the detector.  It may be an inert gas
(argon, krypton, xenon) or a hydrocarbon (methane, ethylene).  Other gases are used
depending on the application.  A very common proportional gas, known as P-10,
consists of a mixture of 90% argon and 10% methane.  The methane serves as a
quenching agent.

Insulator - Prevents arcing inside the detector.

A proportional counter operates in the proportional region (region 3) of the general gas curve
where the applied high voltage is sufficiently high to create secondary ionizations.  In contrast to
G-M counters, where all pulses are of the same amplitude, the size of the pulse in a proportional
counter is proportional to the initial number of ion pairs produced in the detector volume.
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When ionizing radiation enters the sensitive volume of a proportional counter, ion pairs are
created.  The free electrons that are initially produced accelerate toward the anode; secondary
ionizations result from the potential applied to the detector.  This is known as gas amplification.
The number of electrons that arrive at the anode constitute an avalanche (Townsend avalanche).
In these respects, proportional counters are similar to G-M counters.  Here the similarities end,
however.  G-M counters operate with amplification factors on the order of one billion (10 ); a9

series of avalanches eventually envelopes the entire anode producing pulses of uniform size.  In
contrast, proportional counters rely on much lower amplification; values in the one thousand (10 )3

to one hundred thousand (10 ) range are typical.  The anode does not become saturated with5

electrons and the pulse height is proportional to the initial number of electrons produced in the
gas.  Energy discrimination with the ability to distinguish radiations becomes possible.

Proportional counters are known for their short dead times.  These counters have the capability to
distinguish two pulses (two separate ionizing events) in a short period of time.  Since each
avalanche is restricted to a short section of the anode, unlike G-M counters, the counter can clear
this avalanche and respond to a new ionizing event in a time frame approximating 0.5 to 5 Fsec. 
This is a decided advantage when high counting rates are involved.

A variety of counters operating in the proportional mode exist for routine and specialized
applications.  Two of the more common examples are:

• Air Proportional - These counters respond only to alpha radiation.  Alpha particles enter the
detector through a thin window of aluminized mylar.  The fill gas is air instead of a noble gas.
These lightweight, portable counters are useful for contamination surveys but must be used
with caution in areas of high humidity.  For this reason, they are most often encountered in the
western half of the United States, where humidities are lower and the response of the detector
is not adversely affected.

• Gas Flow Proportional (field use) - These portable instruments respond to both alpha and beta
radiation through the appropriate selection of operating voltage.  In one design, the fill gas
(often liquid propane) is contained in a small canister inside the instrument housing; gas is fed
from the canister through a teflon tube housed inside an electrical cable to the probe.  The
canister is usually replaced every four to six hours.  Other designs utilize larger (often P-10
cylinders) canisters as the source of the counting gas.  The counter can be purged of air and
operated as a stand-alone unit if desired.
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Common applications associated with proportional counters include:

• Contamination Surveys - Detection of alpha and beta radiations can be performed with
portable instruments (air proportional and gas flow counters).  Large floor surfaces, for
example, can be rapidly screened for contamination using a portable, multiwire anode gas-
flow counter with a 600 cm  effective surface area.  The floor monitor can be moved over the2

area of interest to quickly identify contaminated locations.  Follow-up surface contamination
measurements can then be performed with other field proportional counters or another
instrument of choice.

• Neutron Detection - Detection of slow neutrons can be accomplished using pulse height
discrimination.  In a very common reaction, boron trifluoride gas interacts with slow neutrons
to produce alpha particles.  The alphas are counted while gamma rays are rejected based on
their respective pulse heights.  The neutrons are detected indirectly by the formation of alpha
particles.  Other proportional gases are routinely used to accomplish the same objective.  The
counter can also be modified through the use of moderators to detect fast neutrons.

• Assay of Alpha, Beta, and X-ray Sources - Proportional counters can be used to assay
(measure) source activities under the proper conditions.  The thickness of the source and
source backing must be considered in terms of absorption, especially for alpha and beta
radiations.

Typical advantages and disadvantages of proportional counters are noted below.

Advantages:

• Versatile instruments (wide variety of applications)
• Variety of shapes and sizes available
• Highly sensitive (counter can respond to the formation of one ion pair)
• Size of pulse proportional to initial number of ion pairs
• Can detect (directly or indirectly) a variety of radiations: alpha, beta, gamma, x-ray, and

neutrons
• Can distinguish radiations (alpha, beta, etc.) based on pulse height discrimination
• Energy discrimination (spectroscopy)
• Ability to count at much higher rates, relative to G-M counter, because of excellent resolving

times (0.5 to 5 Fsec)
• Not only detection, but measurements of dose and dose equivalent possible
• Used in field and laboratory setting
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Disadvantages:

• Stable high voltage required due to nature of gas amplification
• External amplification (preamplifiers, amplifiers) required to produce pulse of sufficient size

for detection
• Generally more expensive than G-M counters
• Proper operation requires more attention on the part of the user
• Instruments tend to be "finicky" (i.e., more attention to maintenance is required [not as

reliable as geiger counters])
• Susceptible to environmental conditions (heat, humidity)
• Self-absorption possible in counters employing entrance windows
• Efficiencies are poor for higher energy x-rays and gamma rays

Scintillation Detectors

In contrast to gas-filled detectors (Geiger counters, proportional counters, and ionization
chambers), a solid medium can be used as the sensitive volume for the detection of ionizing
radiation.  The use of a solid in this regard can be found in the case of inorganic (noncarbon)
scintillation detectors.  The scintillation mechanism (described below) was the first method ever
used to detect ionizing radiation having been observed by Roentgen as a fluorescence on a screen
during his discovery of x-rays.  Rutherford's classical scattering experiments with alpha particles
also relied on the scintillation process.  Many years later, solid scintillators of various types are
widely used for the detection of alpha ( "  ), beta ( $  ), x-ray ( x ), gamma ray ( ( ), neutron (n),++    -

and proton ( p  ) radiations.+

The process by which an electrical pulse is generated consists of four main steps:

Step 1: Interaction of ionizing radiation with the detector producing electron-hole pairs.
Step 2: Conversion of the energy deposited in the detector produced into a proportional

amount of light.
Step 3: Conversion of the light emitted by the scintillator into photoelectrons at the

photocathode of the photomultiplier tube.
Step 4: Multiplication of the initial number of photoelectrons into a measurable electrical

pulse.

The end result is that an electrical pulse is produced whose amplitude is proportional to the
energy deposited in the scintillator by the incident radiation.
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The following are examples of two commonly encountered inorganic scintillation detectors.

• Sodium Iodide (NaI) - An alkali halide whose discovery and use dates back to the late 1940s.
Thallium (Tl) is added in trace amounts as an activator or "waveshifter" in order to produce a
wavelength of light preferably in the visible region or a wavelength that closely matches the
spectral sensitivity of a photomultiplier tube.

NaI(Tl) has several notable characteristics.  The crystal exhibits an excellent light yield and
can be machined into a variety of shapes and sizes.  Negative characteristics include its
fragility (sensitivity to thermal and mechanical shocks), and its hygroscopicity (propensity for
absorbing moisture).  Also, the scintillation photon is not always emitted as a prompt
fluorescence--a disadvantage for applications involving high counting rates. Lastly, NaI
detectors are energy-dependent devices and should typically be calibrated to the energy of
interest.

• Zinc Sulfide (ZnS) - Lord Rutherford used ZnS to visually observe alpha particle interactions
during his early scattering experiments.  This inorganic scintillator has an efficiency
comparable to NaI(Tl).  Unlike sodium iodide, however, zinc sulfide is available only as a
crystalline powder with density thicknesses on the order of 25 mg/cm .  Silver is used as the2

doping agent.  Its use is limited to thin films or screens for alpha and other heavy ion (protons,
for example) detection.  In practice, ionizing radiation (typically alpha) penetrates a thin
aluminized mylar covering prior to interacting with the ZnS(Ag) powder. This covering can be
easily punctured resulting in pinhole (or worse) leaks.  The detector will then respond to
extraneous light sources.

Radioactive contamination is the presence of radioactive material in an unwanted place.
Radioactive contamination can occur as:
• Fixed surface contamination
• Removable surface contamination
• Airborne contamination or any combination of the three

Fixed contamination can not be readily removed from a surface. It cannot be removed by casual
contact; however, it may be released if the surface is disturbed by activities such as buffing,
grinding, sanding, or cleaning with a volatile solvent.  Over time, fixed contamination may leach
from the material containing it and become removable contamination.

Removable or transferable contamination is radioactive material that can be easily removed from a
surface. It may be transferred by any casual contact such as touching, wiping, or brushing.
Radioactive material suspended in the air is referred to as airborne contamination and it can be
caused by occurrences such as air movement over removable contamination, a leak from a
radioactive system, grinding on a surface with fixed or removable contamination, or a fire
involving radioactive material.
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Engineering controls, administrative controls and personnel contamination control practices are
used to control radioactive contamination. Engineering controls consist of structures or
components designed to minimize or prevent the release of radioactive materials. Ventilation
systems and containment systems are two examples of engineered controls. In general, ventilation
systems are designed to move any potential airborne contamination away from personnel and to
filter the radioactive material from the air. High Efficiency Particulate Air (HEPA) filters,
personnel air locks, downdraft tables, hoods, and air movers are examples of ventilation system
components that are used to control contamination. Containments are used to physically enclose
radioactive material, thereby preventing it from becoming contamination. Containments include
items such as vessels, pipes, cells, gloveboxes, glovebags, tents, huts, and plastic coverings.

Administrative controls are used to direct the actions of personnel in order to minimize the risk of
exposure to radioactive contamination. Examples of administrative controls include postings to
control access to contaminated areas and procedures to minimize or prevent the production of
radioactive contamination.

Personnel contamination control practices are measures taken to use personal protective
equipment to prevent personnel from becoming contaminated with radioactive material and they
include:
• The use of precautionary clothing
• Anti-contamination clothing (Anti-Cs)
• Respiratory equipment

Surface contamination is monitored for by Radiological Control Technicians (RCTs) who are
required to routinely survey areas for potential contamination.  Contamination monitoring
equipment is primarily used to detect alpha particles; however, monitoring for beta and gamma
particles also occurs.  Surface contamination may be detected either by a direct frisk (holding the
probe of a radiation detection instrument just above the monitored surface) or by smearing or
swiping the surface with a paper or cloth swipe and monitoring the swipe for contamination.
Direct frisking will detect fixed or removable contamination, while smearing will only detect
removable contamination.  When surface contamination is detected using the direct frisk method,
a smear of the contaminated surface is taken to determine if the contamination is fixed or
removable.
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Airborne contamination is detected by specialized air monitoring equipment.  Airhead samplers
contain filters and are connected to vacuum systems so that the air being sampled will flow
through the filter while any particulate airborne radioactive contamination present will deposit on
the filter.  The filters are periodically removed and measured for radioactive contamination.
Airhead samplers produce very accurate measurements of airborne contamination; however, they
do not provide a timely indication of airborne contamination to warn workers.  A Selective Alpha
Air Monitor (SAAM) is a type of continuous air monitor used to measure airborne radioactive
contamination and warn workers if the level rises above the alarm setpoint.  Portable air samplers
may also be used to measure airborne contamination if permanently installed SAAMs do not
provide adequate coverage during maintenance or other activities.

Radioactive contamination can enter the body in four ways:
• Inhalation - breathing in radioactive material.
• Ingestion - eating or drinking radioactive material.
• Injection - radioactive material enters the body through an open wound or as a result of bodily

injury such as a puncture wound.
• Absorption - radioactive material absorbed through the skin.

Internal contamination can be prevented by the proper use of contamination control practices and,
in particular, the use of engineering controls to isolate radioactive material from personnel. In
some instances, however, personal protective equipment must be used as the last line of defense
against internal contamination.  In these cases, respiratory equipment (respirators, supplied air,
Self Contained Breathing Apparatus [SCBA], etc.) with an adequate protection factor can be used
to prevent the inhalation or ingestion of radioactive material.  Additionally, administrative controls
to prohibit eating, drinking, smoking, and chewing tobacco may be used to minimize the risk of
ingestion of radioactive materials.

The risk of internal contamination by injection can be reduced by minimizing operations where a
sharp contaminated object could pierce a containment and injure personnel.  Additionally, medical
personnel are required to evaluate/decontaminate personnel wounds/cuts that occur to workers
while they are in a Radiological Buffer Area, Airborne Radioactivity Area, Contamination Area,
or High Contamination Area.  The risk of internal contamination by absorption can be reduced by
the appropriate use of personal protective clothing and prompt decontamination of the skin.
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Bioassay samples, lung counting, and wound counting are three methods used in monitoring for
internal contamination.  A routine bioassay program is required by 10 CFR 835 for personnel if
there is a likelihood that an intake of radioactive material could occur which would exceed
specific limits as specified in §835.402 (c).  Bioassay programs use urine samples, fecal samples,
and nasal and mouth smears to determine the committed effective dose equivalent (CEDE) from
internal contamination.  Fecal samples are the most sensitive bioassay method for detecting
internal plutonium contamination.  The type of bioassay samples collected and the CEDE will
depend upon many factors such as the radionuclide involved, the chemical form of the material,
the route of entry, and the elapsed time since the intake occurred.

Lung counters are used to detect inhaled radioactive material in the lungs.  The lung counter has a
limited capacity for detecting internal contamination because it can only measure gamma rays. The
amount of inhaled plutonium (Pu) must be estimated from the measured amount of gamma rays
emitted from americium (Pu decay product).  Lung counts can be used in conjunction with
bioassay samples to determine CEDE.

Wound counters measure gamma rays and x-rays emitted by radionuclides deposited in a wound.
Wound counts are primarily used as a tool to determine if internal contamination of a wound has
occurred and to determine the successfulness of subsequent decontamination efforts.

In general, personal protective equipment used for radiological purposes can be divided into two
main types:  protection against internal contamination and protection against external
contamination or sources.  Respiratory protection is used to protect personnel from inhaling or
ingesting radioactive material.  Respirators (with the appropriate cartridge), supplied breathing
air, and SCBA are examples of respiratory equipment used to prevent internal contamination. 
Protection factors are assigned to respiratory protection equipment and are used to determine the
maximum level of airborne radioactive contamination against which the equipment can protect.
Examples of equipment used to protect against external contamination or radiation sources
include: Anti-C clothing (protection against skin contamination), safety glasses (protection against
beta to the eye), lead aprons (protection against gamma to reproductive organs), and lead lined
gloves (protection against skin contamination and gamma to hands). Requirements to use
personal protective equipment are included in radiological work permits (RWPs) and on postings
at area entry points.

According to DOE Order 151.1, Comprehensive Emergency Management System, during the
response phase of an operational emergency, initial notifications shall be made to workers,
emergency response personnel, and organizations, including DOE elements and other local, state,
tribal, and Federal organizations.  The manager/administrator of each DOE- or contractor-
operated site/facility shall notify state and local officials and the DOE Field and Headquarters
Emergency Operations Centers within 15 minutes and all other organizations within 30 minutes of
the declaration of an Alert, Site Area Emergency, or General Emergency.
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3. Self-Study Scenario/Activities and Solutions

Review
• 10 CFR 835, Occupational Radiation Protection.
• DOE Order 151.1, Comprehensive Emergency Management System.
• Argonne National Laboratory.  (1988).  Department of Energy Operational Health Physics

Training (ANL-88-26).  Argonne, IL:  Author.
• Gollnick, D. A. (1988).  Basic Radiation Protection Technology (2nd ed.). Pacific Radiation

Corporation:  Altadena, CA.
• NCRP Report No. 65, Management of Persons Accidentally Contaminated with

Radionuclides.

Scenario 1

One morning workers at Facility Z were moving containers from their storage spaces and placing
them on a skid for preparation for transportation.  The containers contained enriched uranium
(U).  While placing the containers on the skids, the workers did not properly space the containers,
causing a criticality to occur.  The Criticality Accident Alarm System (CAAS) in several buildings
of the facility activated. During the evacuation, an employee fells to the ground, complaining of
chest pain.  What actions should be taken by personnel?
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Your Solution:
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Scenario 1 Solution
(Any reasonable paraphrase of the following is acceptable.)

When the CAAS is activated, the following actions should be taken:

• Personnel in the alarmed buildings (buildings with CAAS) should begin to evacuate to a
designated area.

• Personnel in non-alarmed buildings (buildings without CAAS) should remain inside their
buildings.

• Personnel outside should evacuate either to the nearest non-alarm building or to the nearest 
designated area.

The Communication Center should receive indication of the CAAS activation, inform the
Assistant Emergency Duty Officer (AEDO), direct the Emergency Response Team (ERT) to
assemble at the designated location, and make an announcement via the facility-wide emergency
message system for personnel in the non-affected buildings to remain indoors.

The AEDO should also recognize that two or more CAAS have activated requiring the activation
of the Emergency Operations Center (EOC) and the establishment of a command post at the
designated location.  From there the AEDO will direct activities, with the concurrence of the
Emergency Duty Officer (EDO) to ascertain the true nature of the event.

The ERT should respond to the designated location and wait for direction.  If directed to respond
to a fire or search for missing personnel, it should do so only after following the safety
precautions of EM-0014, Nuclear Criticality Accident Response.

When directed, Radiological Control Technicians (RCTs) should be dispatched to determine what
the onsite radiation levels are, where the criticality might have occurred, and whether it is safe to
return to the work areas.

Personnel evacuation from the affected buildings should report to the designated area and wait to
be accounted for.  Those personnel at the designated area that are on the EOC staff or ERT
should make this known so that the process can be expedited.

The EOC staff should respond to the EOC when activated, make the EOC operational, and
attempt to determine the nature of the event.  Their focus should be on: (1) ensuring that all
personnel were accounted for, (2) determining the extent of any hazard to the public, (3)
determining what might have caused the CAAS to activate.
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Scenario 2, Part A

Two technicians working in a radiochemistry laboratory were moving radioactive materials
(solutions in vials shielded within small lead pigs) from a laboratory benchtop to a chemistry fume
hood for later use.  Suddenly, an explosion occurred in the fume hood.  A worker in a nearby
laboratory heard the explosion and rushed to see what had happened.  The first assessment, as
viewed through the glass window in the door, revealed two employees down.  One employee
appeared to be unconscious, while the second lay nearby in what appeared to be a puddle of
blood.  Other observations were that the room was filled with smoke and that there was glass and
other debris everywhere.

What actions should be taken by the worker who rushed to the scene?

Your Solution:
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Scenario 2, Part A Solution
(Any reasonable paraphrase of the following is acceptable.)

The number one priority is to call for help.  The worker should follow local site emergency
procedures.

Scenario 2, Part B

An emergency response team arrived.  The responders included health physics and emergency
personnel (e.g., fire, paramedics, etc.). While some members of the response team were making
an assessment through the glass window of the laboratory door, other members of the response
team were interrogating the worker who reported the incident.  Additionally,  other people who
were in the area at the time of the incident were also interviewed.  As viewed through the glass
window in the door, two employees were still down; one employee appeared to be unconscious,
while the second lay nearby in what appeared to be a puddle of blood.  Other observations were
that the room was filled with smoke.  How should the emergency response team proceed?

Your Solution:
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Scenario 2, Part B Solution
(Any reasonable paraphrase of the following is acceptable.)

The responders should proceed cautiously.  They should assess the situation from outside the
laboratory, not just rush into the room.  The major concerns, with regard to the health and safety
of the responders, should be radiation exposure levels, initiating the process of bioaccumulation,
the presence (or absence) of airborne radioactivity, and other hazards such as toxic, explosive,
fire, and electrical shock.  Excessive exposure levels (external dose) or ingestion of radioactivity
(internal dose) could lead to radiological injury. The responders should don full personal
protective equipment (PPE).  Skin contamination would be prevented by wearing a full set of
protective clothing.  The smoke could be an indicator of the presence of airborne radioactivity. 
This would require responders to wear the appropriate full-face respirator, which would prevent
the inhalation or ingestion of airborne radioactive particles.

Closer observation reveals a variety of radioactive materials (alpha, beta, and gamma emitters).
Remember, alpha particles are not considered an external threat because of their lack of ability to
penetrate through the skin.  However, when taken internally, they can penetrate short distances in
tissue, and, during the process, dissipate all of their energy, thus becoming an internal hazard. 
Beta particles have a low-penetration power, are short range, and can penetrate the skin, causing
skin burns. Gamma rays are electromagnetic radiations of high energy with enormous penetrating
powers. All of these radioactive materials were detached, by the explosion, from their lead pig
shielding, allowing the radioactive liquid to spill from the broken containers over a wide area. 
The small labels on the containers were difficult to read through the glass; therefore, exposure
levels were unknown at the time.  Glass and other debris were scattered throughout the room,
causing numerous potential hazards.

After having made the early assessments and observations, the following actions should be taken.
First, stabilization and removal of both the victims are of utmost importance.  However, this does
not take precedence over the safety of the emergency response team going into the room to do
the required task.  A lead team member should enter the laboratory with an ionization chamber to
accurately measure the radiation field (testing for high range exposures).  Close-up visual
inspections are necessary to determine the content and quantities of radioactive materials present. 
The team members should stay behind until the lead member gives clearance to attend to the
injured employees.  The emergency response members should then stabilize the injured workers,
remove them from the laboratory, and transport them to a treatment facility.
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Scenario 2, Part C

All emergency responders to this incident donned proper protective clothing with full-face
respirators.  The area was cordoned off and the proper signs were put into place towarn that an
incident had occurred.  Cleaning up the area required thoughtful procedures in maintaining
confinement.  Discuss other appropriate postincident activities that would be applicable.  How
should you manage dealing with waste materials and/or equipment?

Your Solution:
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Scenario 2, Part C Solution
(Any reasonable paraphrase of the following is acceptable.)

After safely removing the two victims, making the appropriate notifications, and posting the area,
cleanup procedures and storage of radioactive waste must begin.  Generally, small equipment
items can be placed in labeled plastic bags.  Broken glass and other debris can also be placed in
containers lined with plastic bags and labeled.  All contaminated and potentially contaminated
waste can be sorted and temporarily stored in an isolated area off the premises.  All activities
during and after this rescue mission should be documented for future reference.  It is always
important to maintain good records both during and after cleanup.

4. Suggested Additional Readings and/or Courses

Courses
NOTE:  See Appendix B for additional course information.

• Nuclear Physics/Radiation Monitoring -- DOE.

• DOE/EH-0450 (Revision 0), Radiological Assessors Training (for Auditors and Inspectors) -
Applied Radiological Control, sponsored by the Office of Defense Programs, DOE.

• Applied Health Physics -- Oak Ridge Institute for Science and Education.

• Health Physics for the Industrial Hygienist -- Oak Ridge Institute for Science and Education.

• Health Physics in Radiation Accidents -- Oak Ridge Institute for Science and Education
(REAC/TS).

• Safe Use of Radionuclides -- Oak Ridge Institute for Science and Education.
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NOTES:


